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A.  STATEMENT  OF  THE  PROBLEM  STUDIED 


We  have  proposed  to  define  the  initial  electrochemical  membrane  events  in 
chemoreception  by  the  mammalian  olfactory  epithelium  by  smdy  of  olfactory  receptor  neurons 
and  membrane  fragments  from  rat  olfactory  epithelial  homogenates  incorporated  into  planar 
bimolecular  lipid  membranes  and  patch-bilayers. 

The  main  objectives  of  this  project  were  to  define  and  describe  the  molecular 
mechanisms  of  the  ion  transport,  associated  with  the  initial  events  of  olfaction:  to  define  and 
characterize  the  electrochemical  properties  of  the  olfactory  neurons,  olfactory  receptors 
reconstimted  in  bilayers,  and  ion  mechanisms  associated  with  primary  events  in  olfactory 
reception;  and  to  determine  the  regulatory  mechanisms  involv^  in  function  of  olfactory 
receptor  using  biophysical  and  biochemit^  techniques. 

B.  SUMMARY  OF  THE  MOST  IMPORTANT  RESULTS 

1 .  A  simple  technique  for  the  construction  of  suble,  essentially  solvent-free  bimolecular  lipid 
membranes  (BLM)  of  large  surface  area,  using  successive  transfer  of  monolayers  onto  the 
apermre  of  a  hydrostatically  closed  Teflon  chamber  has  been  developed  (Vodyanoy  &  Murphy, 
1982a;  Vodyanoy  et  al..  1982,  1985;  Vodyanoy,  1988,1989b).  The  electrical  capacitance  of  our 
membranes  was  0.8  i  0.1  uF/cnr ;  the  dc  resistivity  of  the  membrane  (Vodyanoy  et  al., 
1972,1973)  at  2S^C  was  in  the  range  of  0. 1-1  Gohm/cnr .  A  major  advantage  of  the  present 
method  arises  from  the  hydrostatically  stabilized  closed  chamber  upon  which  the  membrane  is 
formed.  This  results  in  an  increase  in  the  stability  of  the  membrane  to  mechanical  disturbances. 
This  arises  from  the  fact  that  a  pressure  drop  in  the  open  compartment  is  equilibrated  by  the 
pressure  in  the  closed  compartment,  as  water  may  be  considered  essentially  incompressible  at 
those  low  hydrostatic  pressures.  A  patch-clamp  technique  ("tip  dipping  method")  used  for 
single  channel  measurements  of  the  fimctionally  reconstituted  olfactory  receptors  (Vodyanoy. 
1989a). 

2.  The  steady-state  conductance  of  BLM  modified  with  rat  olfactory  epithelial  homogenate 
became  sensitive  to  very  low  concentrations  in  the  nanomolar  region  of  the  odorant  diethyl 
sulfide  in  the  presence  of  adenosine  triphosphate  (ATP)  and  guanosine  triphosphate  (GTP) 
(Vodyanoy  &  Murphy.  1982b,  1983).  The  chemosensitivity  was  not  observed  when  ATP  and 
GTP  were  absent  (Vodyanoy  &  Vodyanoy,  1987,1987a;  Vodyanoy,  1989b).  The 
chemosensitive  response  was  measured  in  terms  of  current  flow  at  constant  voltage.  We 
observed  a  linear  correlation  (r=.84,  slope  =  2.2,  N=38)  between  the  stationaiy  level  of  the 
membrane  conductance  evoked  by  the  diethyl  sulfide  and  the  logarithm  of  its  concentration. 
Other  molecules  which  are  less  odorous,  si^  as  <-(-)  and  (-)  carvone,  also  appear  to  activate  a 
similar  current  flow  across  the  membrane.  Vesicles  prepared  from  rat  respiratory  epithelium 
and  added  to  the  BLM  in  the  same  way  as  the  olfactory  vesicles  showed  no  influence  of  diethyl 
sulfide  up  to  millimolar  concentrations.  Membranes  untreated  with  either  vesicles  also  showed 
no  detectable  change  in  d-c  conductance  at  millimolar  diethyl  sulfide  concentration.  We  have 
found  further  that  adenosine  3 ',5 'monophosphate  (cAMP)  mimicked  the  effects  of  the  odorants, 
and  the  effect  of  cAMP  was  also  dose  dependent  (Vodyanoy  &  Vodyanoy,  1987a).  However, 
the  reaction  to  the  cAMP  was  observed  when  ATP  and  GTP  were  absent. 

3.  We  found  the  existence  of  the  single-channel  fluctuations  induced  by  odorants  in  large 
bimolecular  lipid  membranes  treated  with  membrane  homogenates  of  rat  olfactoiy  epithelium. 

In  contrast  to  the  fast  channels  registered  by  Labarca  et.  al..  1988, 1988a,  Vodyanoy  and 
Murphy.  1982b,  1983;  Vodyanoy  &  Vodyanoy  1986  observed  very  slow  chaimels.  Addition  of 
odorants  such  as  diethyl  sulfide  in  nanomolar  concentrations  increased  the  mean  time  in  the 
open  state  from  29.3  ^  7.8  s  for  spontaneously  active  channels  to  42.3  +.  10.0  s  with  the  mean 
conductance  about  60  pS.  The  odorant-activated  channels  were  blocked  by  4-aminopyridine. 
suggesting  changes  in  K-r  conductance. 

4.  When  olfactory  receptors  were  reconstituted  in  the  small  bilayers  by  the  "tip  dipping" 
method  in  asymmetric  saline  conditions  ("inside  out"  configuration),  addition  of  c.AMP  (without 


ATP  or  GTP)  to  the  pseudointracelluiar  solution  activated  an  ion  channel  with  a  conductance  of 
about  70  pS  (Vodyanoy  &  Vodyanoy,  1987b;  Vodyanoy,  1989a.  1989b).  The  mean  open  time 
was  about  1  sec.  Subsequent  addition  of  ATP  did  not  change  the  unitary  amplitude  of  this 
channel  but  caused  a  significant  decrease  of  the  mean  open  time  to  6  msec.  This  activity  was 
completely  antagonized  by  protein  kinase  inhibitor.  We  analyzed  statistically  the  temporal 
distribution  of  single  ion  channel  fluctuations  activated  by  cAMP  and  modulated  by  ATP 
(Vodyanoy  &  Vodyanoy.  1986).  The  histograms  of  the  open  state  distribution  showed  a 
maximum.  Study  of  the  single-channel  dwell  time  sequences  revealed  the  existence  of  statistical 
dependency  between  adjacent  open  times.  Further  analysis  of  autocorrelation  functions  and 
Fourier  spectra  of  the  original  and  randomized  open  time  sequences  showed  a  positive 
correlation  between  open  time  events  under  presence  of  ATP.  We  suggest  that  cyclic  gating 
scheme  may  result  in  correlation  of  successive  dwell  times,  and  the  irreversible  steps  included 
in  this  cycle  may  require  an  energy  supply  to  maintain  the  steady  state  (Vodyanoy  &  Vodyanoy. 
1988;  Vodyanoy,  1989a>.  We  hypothesize  that  chemosensitivity  of  the  functionally 
reconstituted  olfactory  receptor  is  manifested  as  a  change  in  the  mean  open  time  of  single 
channel  events  in  response  to  small  (subnanomolar)  concentrations  of  the  odorants.  Furthermore 
this  appears  to  be  under  control  of  cyclic  nucleotide-processing  enzymes. 

5.  We  used  bilavers  treated  with  olfactory  homogenates  in  'inside  out"  configuration 
to  study  cAMP-dependent  conductance  (Vodyanoy,  1989a,  Vodyanoy,  1991).  When 
cAMP  added  to  "intracellular"  solution  the  membrane  conductance  was  increased.  The 
subsequent  addition  of  .ATP  into  the  same  solution  caused  a  small  decrease  of 
membrane  conductance  presumably  due  to  an  endogenous  cAMP-dependent  protein 
kinase.  Forskolin  added  to  pseudointracelluiar  solution  elicited  an  increase  in  membrane 
conductance  similar  to  that  produced  by  cAMP.  This  response  required  the  presence  of 
ATP  and  could  be  enhanced  by  theophylline.  The  response  was  not  observed  if  ATP 
was  replaced  by  ATPpS.  The  conductance  increased  by  cAMP  or  Forskolin  can  be 
completely  blocked  by  50  mM  BaCl2  •  In  the  presence  of  ATP  addition  of  the  catalytic 
subunit  of  the  cAMP-acdvated  protein  kinase  to  the  "cytosolic"  side  of  the  membrane 
inactivates  the  channels,  presumably  by  phosphorylation.  When  ATP  replaced  by 
ATPpS  the  catalytic  subunit  was  not  effective.  The  porcine  protein  kinase  inhibitor 
(inhibitor  of  cAI^-dependent  protein  kinase)  elicited  a  dose  and  time-dependent 
increase  of  membrane  conductance  in  a  presence  of  ATP  .  The  protein  kinase  (PKi 
added  to  pseudointraceilular  solution  abolished  the  response  to  cAMP  in  a  presence  of 
ATP  and  it  was  not  effeaive  if  ATP  was  replaced  by  ATT^  S.  So,  our  data  indicate 
that  cAMP-dependent  protein  kinase  can  be  involved  in  modulation  of  ion  channels 
reconstituted  in  bilayers  tfom  olfactory  homogenates. 

6.  We  demonstrate  that  chemosensitivity  was  manifest  as  a  change  in  the  mean  open  time  of 
single  channel  events  in  response  to  the  presence  of  odorants  in  the  bathing  media  Vodyanoy  & 
Murphy.  1983).  Our  experiments  support  the  hypothesis  that  the  olfactory  receptors  mediate 
cation  permeability  via  an  increase  in  the  intracellular  concentration  of  cyclic  AMP.  Activation 
of  the  conductivity  increase  can  be  effected  either  directly  by  application  of  cyclic  .AMP  or 
indirectly  by  a  low  dose  of  odorant  in  presence  of  ATP  and  GTP.  We  believe  that 
phosphorylation  modulates  the  mean  open  time  in  our  reconstimted  system.  This  suggests  that 
cAMP  regulates  the  channel  activity  in  two  ways:  (a)  directly,  (b)  via  protein  kinase  system 
(Vodyanoy,  1989a).  This  dual  control  of  the  channel  activity  can  explain  the  nature  of  very  slow 
ion  channels  found  in  our  early  work  (Vodyanoy  &  Murphy.  1983).  As  it  was  demonstrated 
later  (Vodyanoy  &  Vodyanoy,  1987b;  Vodyanoy,  1989a)  cAMP  could  "open"  the  ion  channel 
directly,  or  it  could  cause  an  activation  of  cAMP-dependent  protein  kinase  that  triggered  a 
phosphorylation  and  "closure”  of  the  channels.  cAMP  alone  in  our  experiments  activated  a 
relatively  slow  (~1  sect  channel.  When  we  facilitated  a  protein  kinase  activity  an  open  time  of 
this  charnel  sharply  decreased  ('6  msec).  On  the  contrary,  the  inhibition  of  the  protein  kinase 
caused  a  very  slow  or  an  indefinitely  open  channel  (Vodyanoy.  1989a).  We  can  speculate  that 
our  early  observation  of  a  very  slow  channel  can  be  explained  by  the  lack  of  adequate  amounts 
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or  the  inhibition  of  some  component  necessary  for  channel  phosphorylation.  When  we  provide 
the  necessary  conditions  we  do  observe  a  very  fast  ion  channel  activated  by  cAMP. 
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